This paper, for the first time, reports integrated conceptual MBCT/biorefinery systems for unlocking the value of organics in municipal solid waste (MSW) through the production of levulinic acid (LA by 5wt%) that increases the economic margin by 110- 
Introduction
Biomass is the single source of functional organic chemicals and materials . Biomass is essentially made up of the same chemical elements (carbon, hydrogen and oxygen) as crude oil. This opens the possibility of producing biomass-based products that can directly replace chemically identical crude oil derivatives as well as chemically different crude oil derivatives having similar functionality. Levulinic acid (LA) falls in the second category that offers many functionalities of petrochemicals and can be a precursor to numerous added value products (Sadhukhan et Lignocelluloses consist of cellulose (38-50%), hemicellulose (23-32%) and lignin (15-25%), and inorganic ashes and can be extracted from municipal solid waste (MSW) or urban or household waste. Paper, wood, garden, food and other organic wastes comprise the lignocellulosic or biodegradable or organic fraction of MSW. Lignocelluloses can be thermochemically degraded (Thallada and Steele, 2015) or (bio)chemically degraded (Batalha et al., 2015) . Thermochemical processing, such as incineration (energy product) and gasification and pyrolysis (chemical and energy products via syngas or bio-oil (Ng and Sadhukhan, 2011a and 2011b)), allows all components' simultaneous valorisation.
Biomass pretreatment followed by biochemical degradation allows recovery of targeted molecules (Sindhu et al., 2016) . Pretreatment for decomposition of biomass into cellulose, hemicellulose and lignin is needed for lignocellulosic or second generation feedstock, such as MSW, due to its heterogeneous nature. The various methods of pretreatment broadly fall into two categories: addition of extraneous agent and application of energy (Sadhukhan et al., 2016a) . The former incurs higher cost of chemical and downstream separation and purification and the latter incurs higher cost of energy and capital cost of pretreatment. Hydrolysis (acid or alkali), organosolv (extraction using organic solvent) and ionic liquid extraction use extraneous agents for biomass decomposition (Mathew et al., 2016) , while ultrasonication and microwave irradiation technologies make use of energy for biomass decomposition (Singh et al., 2016) . Steam explosion and supercritical water extraction technologies are a flexible method for biomass decomposition, because moisture is naturally present in biomass reducing the amount of steam requirement. The process liberates hemicelluloses first because these are hydrolysed at a faster rate. Hemicelluloses consist of xylose monomers and C5 sugars.
Hemicelluloses cover the celluloses which are a linear polymeric material consisting of glucose monomers connected by β-(1-4)-glycosidic linkages. These lead to a fibrous and crystalline structure recalcitrant to hydrolysis. Due to the application of supercritical water (420 o C and 230 bar), β-(1-4)-glycosidic linkages are broken down, liberating glucose. Acid hydrolysis is then applied, with any of the following acids, sulphuric, hydrochloric, phosphoric, maleic and oxalic acids, in dilute condition 1-2 weight% (Morone et al., 2015) . The liberated glucose can be used to target high value chemical products, e.g. 5-hydroxymethylfurfural (HMF) and LA (Mukherjee et al., 2015) . These building block chemicals are referred as 'sleeping giants' owing to their vast potentials in the emerging bio-based economy due to their key positions in the production of biomass-derived intermediates and transition from fossil based to bio-based economy. In spite of intensive works on these two target chemicals, there is no study on their extraction from MSW. Investigation of individual catalytic conversion steps for MSW valorisation is being undertaken at laboratory scales by Fiberight LLC and CPI (Centre for Process Innovation), UK. There is no research however on how the various processes can be integrated in the form of biorefineries utilising MSW in totality for extracting resources present in MSW, metal, refuse derived fuel (RDF), chemical (e.g. LA), fertiliser and energy, i.e. combined heat and power (CHP). Resource recovery from MSW calls for integrated mechanical biological chemical treatment (MBCT) system. Process systems engineering tools enable integration between multi-processes for maximisation of energy and resource recovery efficiency, mitigation of emission and waste generation and minimisation of cost by optimal tradeoffs. Thus, to fill this gap in research, this paper offers a comprehensive process integration and techno-economic analyses of plausible biorefinery schemes of MSW. The paper proceeds by detailing the analysis methods used and describing the biorefinery process design and simulation framework, yield models of processes in MBCT systems, mass and energy analyses, cost parameters and economic value analysis methodology. Discussion of results includes identification of major parameters that decide techno-economic feasibility and independence for successful commercialization.
Methods
Chemical conversion section for production of LA from lignocellulosic fraction of MSW: Stream name  ORGANICW DILACID  15  18  21  17  19  23  3 LEVULACI  20 ACIDRECY SOLVRECY CHAR  SOLVENT  To unit  K-101  V-101  S-201  F-201  L-301  D-301  D-302  S-301  E-301  D-401  E-401  E-402  L-301  From unit  E-102  E-202  E-201  F-201  L-301  D-301  D-302  S-301  L- The chemical conversion section begins with feedstock shredding to reduce particle size to 0.51 cm. The particles are then conveyed by a high pressure steam injection system to a mixing tank. The feedstock is mixed with dilute sulphuric acid (concentration of 2 weight%) and pumped into the acid hydrolysis reactors. A RYield model is used to simulate the reactor system to set the production limits as shown in Table 1 However, these utility requirements can be reduced to 62 MW of heating and 46 MW of cooling (cooling water), respectively, by heat integration assisted by pinch analysis. Table   2 lists the heat exchangers present in Aspen Plus © simulation flowsheet, their hot and cold streams' names, supply and target temperatures, duties and the type of exchangers (process to process heat recovery or duty supplied by hot or cold utility). The heat integration approach is detailed elsewhere . Table 2 CHP system: The energy in the char can be used to provide CHP required by the process.
The CHP process configuration consists of a biomass boiler that is an integrated unit with biomass fuel combustion zone, steam drum and heat recovery steam generator inside the unit, and steam turbines (Wan et al., 2016) . In the case of the MBCT system, the CHP system can be a total site utility system, providing electricity and heat to the material paper and cardboard packaging; glass; dense plastic and plastic films (container, plastic packaging); wood, garden and food waste; textiles; WEEE (waste electrical and electronic equipment). Other than these, metals and unidentified wastes are present in these streams.
Also, the source segregation is not perfect; hence, MRF are essential for recycling these materials back to value chains. The constituents of MSW on the basis 1 kt/d or 45.6 t/h (8000 operating hours per year of MRF) are shown in Table 3 .
Paper and cardboard packaging are separated after conveying by air classifier fitted with a digital camera and a weighing machine; the air flowrate is adjusted to separate paper and cardboard packaging according to their images and weights, into two separate compartments and bailed for transporting to milling sites. Alternatively, paper and cardboard packaging may not need to be separated, but can be used as mixed substrates in pulping process for recovering organic fraction for conversion into fuel or chemical.
The latter option is evaluated for techno-economic feasibility in this study. Potential end products with market demand and prices are shown in shaded blocks. The chemical section is illustrated in Fig. 1 .
Dense plastic and plastic films
Conveyer HDPE (2) PET (1) MPW ( Table 2 Heat exchanger names, duties, hot and cold streams' names, supply and target temperatures and type of exchangers (process to process heat recovery or duty supplied by hot or cold utility) deduced by heat integration within the chemical section for LA production. Other streams if manually or automatically detected to be containing Al are also diverted to the Eddy current separator. An 'eddy current' occurs when a conductor is exposed to a changing magnetic field. It is an electromagnetic way of dividing ferrous and non-ferrous 
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As defined by Martinez-Hernandez et al. (2014), the VOP of a stream is the prices of products that are ultimately produced from it, subtracted by the costs of auxiliary raw materials, utilities and annualised capital cost of equipment that contribute to its further processing into these final products.
The COP of a stream is the summation of all associated cost components, i.e. the costs of feedstocks, auxiliary raw materials, utilities and annualised capital cost that have contributed to the production of the stream. This means that only those fractional costs involved with the stream's production are included in its COP.
Further, the concise equations 2-3 for representation of VOP and COP of a stream are
given. of a feed f to a process unit k is calculated from the known values of the product streams p and the total costs of the process unit k, shown in equation 2.
where q is the number of products (excluding emissions / wastes), g is the number of feedstocks considered as main material streams (excluding auxiliary raw materials). Pp and Ff correspond to the mass flowrates of product and feedstock, respectively. of a product p from a process unit k is calculated from the known prices or costs of the feed streams f and the total costs of the process unit k, shown in equation 3. 
= ×
(5) Table 4 shows the base sizes, base costs, estimated scaling factors, base or reporting years and CEPCI at the base years of the various process units in the MBCT system, and thus, the estimation of the delivered cost of equipment, total CAPEX and annual capital cost.
The recent most year for cost update is taken 2015, when CEPCI has been stabilised at 576.73. The delivered cost of equipment is then multiplied by 5.03 to obtain the total CAPEX , which is then factored by the annual capital charge (0.13 in this case) to obtain the annual capital cost. For shredder, screen, magnetic and Eddy current separators and manually sorting cabin, the scaling factors shown in Table 4 are calculated using the parameters given in ( The annual capital cost of a unit must be added to its annual operating cost to obtain the total annual cost of the unit. The annual operating cost consists of the fixed and variable (raw materials and utilities) costs. The parameters for estimating fixed operating costs such as maintenance, laboratory, supervision and plant overheads, etc. are given in Sadhukhan et al. (2014) . A brief overview of the correlations to calculate the various operating cost items ) is as follows.
Fixed operating cost items are as follows 1-3. + Fixed operating cost. The DPC is then increased by 30% (or 1.3 times the DPC) to account for miscellaneous items: sales expense, general overheads and research and developments. Fig. 3 illustrates the results of value analysis using the following bases.
Revenues from recyclables have not been accounted for in the value analysis. Hence, the starting feedstock is the MSW without recyclables, 35.8 t/h. (Fig. 3) , 92% of which are due to the annual capital cost. The cost of makeup sulphuric acid and solvent is negligible. As discussed earlier, its demand for steam is met by the total site CHP system. Total annual cost of AD section with CHP = 11.3 million Euro / y (Fig. 3) , 91% of which are due to the annual capital cost. 12.9 t/h AD feedstock are made up of 5.4 t/h effluent from the pulping process and 7.5 t/h effluent from the chemical conversion section. Thus, the various sections in the MBCT system in the decreasing order of their capital investments are Chemical conversion section > AD section > MRF > Pulping, respectively.
Cost of MSW:
An average waste collection fee of 84.5 Euro/t MSW is paid by the MBCT plant owner to the local authority (Hogg, 2002) . At the same time, the MBCT plant owner is eligible to receive a gate fee from the local authority, for treating MSW. This rate is 
Value of metals:
The metal containing stream has 80% iron, 14% aluminium and 6% copper, respectively. Their prices in £/t metal vary 40-80, 250-1500 and 2600-3600, respectively (ScrapSales UK). So, an average price is assumed to create the base case in Euro/t (assumed 1 Euro = £0.8): 75, 1093.8 and 3875, respectively.
Results and discussions
The results of value analysis using the bases discussed in the earlier section are shown in Fig. 3 . The MBCT system produces excess electricity from the total site CHP system utilising RDF, biogas and char; metals: iron, aluminium and copper; and LA. In Fig. 3 Thus, = 6.1%
The streams with negative economic margins include electricity and fertiliser products and residues to the landfill. These must be reduced to zero or made positive by added value productions to enhance economic independence of waste treatment industry. The value analysis framework is dynamic, wherein uncertain parameters, e.g. prices, costs and flowrates and any other uncertain parameters can be varied to examine their sensitivity on the techno-economic feasibility. For example, if the gate fee is eliminated and MSW is priced at 50 Euro/t, the economic margin of the MBCT system is reduced from 118
Euro/t (Fig. 3) to 43 Euro/t. The capital investment of the highest capital intensive section in the MBCT system, i.e. chemical conversion section, if reduced to 50% and 25% of its present capital investment, which can be due to the learning curve effects , the economic margin of the MBCT system increases to 180 and 210, Euro/t MSW, respectively. Similarly, if the capital investment of the second highest capital intensive section, i.e. AD section, is reduced to 50% and 25%, the economic margin of the MBCT system increases to 135 and 145, Euro/t MSW, respectively. Metal prices are also variables. For the two price ranges of metals noted in this study, i.e. 40-80, 250-1500
and 2600-3600 £/t of iron, aluminium and copper, respectively, the total economic margin of the MBCT system varies between 110-119 Euro/t MSW. The economic margin of the MBCT system is very sensitive to the value of the fertiliser product. If its VOP is equal to COP, i.e. 259.5 Euro/t, or it incurs zero economic margin, which is better than the loss it's presently incurring, the economic margin of the MBCT system increases to 183 Euro/t MSW. If the organic constituents in it can be recovered worthy 1 Euro/kg (VOP), the economic margin of the MBCT system increases to 371 Euro/t MSW. It is clear that the diversion of biodegradable waste currently exploited in making CLO, to valorisation into high value chemicals is the key to increased economic feasibility of the system. For longterm sustainability of the waste sector and creating a circular economy, it is imperative that the sector becomes dynamic and economically competitive by employing progressive upgrading strategies as shown in this paper. To date, MBT plants or MRF do not utilise organic fraction of MSW other than to produce CLO. Increasing product portfolio enhances economic competitiveness of the waste management sector. In this highly competitive market, business leadership requires breakthrough game changer technologies and financial value chain analysis, both of which are demonstrated here.
Conclusions
A novel concept of MBCT systems for extensive fractionation of urban waste into added value products has been introduced. The study demonstrated that integrated MBCT systems result in the highest economic margin attributed to the revenues from chemical, metal, energy and fertiliser, in decreasing values respectively. Resource recovery and product generation (without the inclusion of gate fees) is more than enough to outweigh waste collection fees, annual capital and operating costs. The work involves process design and integration using yield based and Aspen Plus © simulation models and technoeconomic feasibility and sensitivity analyses through a powerful value analysis tool.
